Synaptic plasticity such as long-term depression (LTD) has been regarded as a cellular mechanism of learning and memory. LTD is expressed by the decrease in number of postsynaptic AMPA-type receptor (AMPAR) at glutamatergic synapses. Although endocytosis is known to play an essential role in the decrease in AMPAR on postsynaptic membrane, the difficulty to detect individual endocytic events hampered clarification of AMPAR dynamics around synapses. Previously, we developed a method to induce formation of postsynaptic-like membrane (PSLM) on the glass surface and observed pHluorin-tagged AMPAR around PSLM with total internal reflection fluorescence microscopy. By this method, individual exocytosis of AMPAR-pHluorin was recorded in both PSLM and non-PSLM. In other studies, endocytic vesicles containing pHluorin-tagged receptors were visualized by changing extracellular pH. Here, we have combined PSLM formation method and rapid pH change method, and detected individual endocytic events of AMPAR around PSLM with high spatial and temporal resolutions. Endocytic events of AMPAR were characterized by comparison with those of transferrin receptor. Constitutive endocytosis of AMPAR was not dependent on clathrin and dynamin in contrast to that of transferrin receptor. However, AMPAR endocytosis triggered by LTD-inducing stimulation was clathrin-and dynamin-dependent.
Introduction
Synaptic plasticity such as long-term potentiation (LTP) and long-term depression (LTD) has been regarded as a cellular mechanism of learning and memory and is implicated in neurological and psychiatric disorders (Malinow & Malenka 2002; Kauer & Malenka 2007; Collingridge et al. 2010) . The main cellular mechanism of LTD is the decrease in number of postsynaptic AMPA-type glutamate receptor (AMPAR), and changes in endocytosis rate are likely to underlie the decrease in AMPAR on the cell surface (Shi et al. 1999; Malinow & Malenka 2002; Kennedy & Ehlers 2006; Huganir & Nicoll 2013) . Although enhanced clathrin-dependent endocytosis of AMPAR has been assumed to be a major mechanism of LTD (Beattie et al. 2000; Lee et al. 2002; Malinow & Malenka 2002; Collingridge et al. 2010) , where and when AMPAR endocytosis occurs during LTD remains unclear, mainly because of difficulty to detect and analyze individual endocytic events.
To study trafficking of AMPAR during LTP, we previously developed a method to induce formation of postsynaptic-like membrane (PSLM) on the glass surface coated with neurexin in a rat hippocampal culture preparation (Tanaka & Hirano 2012; Tanaka et al. 2014) . In this experimental system, AMPAR tagged with a pH-sensitive variant of green fluorescent protein, super-ecliptic pHluorin (SEP) was expressed in neurons, and live-cell imaging around PSLM was carried out with total internal reflection fluorescence microscopy (TIRFM) (Axelrod 2001) . This method provided high signal-to-noise ratio images of AMPAR-SEP by limiting the visualization zone to within approximately 100 nm, and individual exocytic events of AMPAR-SEP were detected in both PSLM and non-PSLM (Tanaka & Hirano 2012) .
However, it was difficult to detect individual endocytic events of AMPAR. Very recently, individual endocytosis of SEP-tagged AMPAR was detected using TIRFM and an extracellular pH exchange method (Rosendale et al. 2017) . In that study, extracellular pH (7.4) was rapidly changed to acidic pH, upon which SEP-tagged AMPAR signals on the cell surface were quenched and only intracellular SEPtagged AMPAR signals soon after internalization were recorded. Here, we have combined the PSLM formation method and the rapid pH change method using a U-tube system (Bretschneider & Markwardt 1999) . By this combination, we recorded endocytic events of AMPAR around PSLM with high spatial and temporal resolutions. Constitutive endocytosis of AMPAR was compared with that of transferrin receptor, and also with AMPAR endocytosis after LTD-inducing NMDA application (Lee et al. 1998; Ashby et al. 2004; Lin & Huganir 2007) .
Results and discussion

Visualization and characterization of constitutive GluA1 endocytosis
We visualized individual AMPAR endocytic events using a type of AMPAR subunit GluA1 fused to SEP (GluA1-SEP) and compared with endocytic events of SEP-tagged transferrin receptor (TfR-SEP). PSLM was defined as an area expressing a marker protein of postsynaptic density, PSD95 fused to a red fluorescent protein Tag-RFPt (PSD95-RFPt), plus its vicinity (within 300 nm) (Tanaka & Hirano 2012) . We changed the pH of extracellular solution rapidly and repeatedly between pH 7.4 and 6.0 using a U-tube system at 0.25 Hz (Fig. 1A,B and Fig. S1 in Supporting Information). The duration at pH 6.0 was limited to <300 msec in order to minimize effects of acidic extracellular solution, and prebleaching of intracellular SEP was applied at pH 6.0 so that only SEP signals from newly formed endocytic vesicles were detected ( Fig. 1C and Fig. S2 in Supporting Information). Most SEP signal disappeared when the extracellular pH was changed from 7.4 to 6.0, but occasionally punctate GluA1-or TfR-SEP signal appeared in both PSLM and non-PSLM (Fig. 1D,E) . We presumed that these signals came from endocytosed vesicles and that they decayed by movement away from the TIRFM visualization zone and/or acidification of intravesicular pH. Such SEP signals in PSLM were found not at the center but in the marginal zone of PSLM (Fig. 1E ), which might correspond to an endocytic zone adjacent to postsynaptic membrane (Blanpied et al. 2002) .
Representative sequential images of GluA1-and TfR-SEP at pH 7.4 and 6.0, and time courses of Another difference between TfR-and GluA1-SEP signals was that TfR-SEP showed a more spotted distribution than GluA1-SEP at pH 7.4 ( Fig. 1D) , and disappearance of such a TfR-SEP spot (corresponding to endocytosis) at this pH was sometimes observed (Fig. S3 , Movie S1 in Supporting Information). However, GluA1-SEP showed more diffuse distribution, and a decrease in GluA1-SEP signal at pH 7.4 was rarely observed (Movie S2 in Supporting Information). Thus, application of the rapid extracellular pH exchange method was necessary to detect individual AMPAR endocytosis. Tighter coupling of TfR than GluA1 to clathrin through adaptor protein AP2 might be responsible for their different distribution patterns (McMahon & Boucrot 2011) . Next, we examined whether appearance of punctate SEP signals at pH 6.0 was clathrin-and/or dynamin-dependent or not using an inhibitor of clathrin-dependent endocytosis (Pitstop2) (von Kleist et al. 2011), a dynamin inhibitor (Dyngo-4a) or a dynamin-inhibitory peptide (DIP). Endocytosis of TfR is clathrin-and dynamin-dependent (McMahon & Boucrot 2011; Ferguson & De Camilli 2012) , and Pitstop2, Dyngo-4a or DIP clearly reduced the number of punctate TfR-SEP signals at pH 6.0 (Fig. 2C,  D) . In contrast, the number of GluA1-SEP signals at pH 6.0 was not significantly decreased by any of these inhibitors ( Fig. 2A,B) , suggesting that the constitutive endocytosis of AMPAR is clathrin-and dynamin-independent, in line with recent reports (Glebov et al. 2014; Zheng et al. 2015) . Thus, constitutive AMPAR endocytosis pathway was different from clathrin-and dynamin-dependent TfR endocytosis pathway. Involvement of Rac1 and F-actin in constitutive AMPAR endocytosis was reported (Glebov et al. 2014) .
We next examined effects of bafilomycin, an inhibitor of vacuolar-type H + ATPase. Bafilomycin should prevent acidification of internalized vesicles and prolong the duration of TfR-or GluA1-SEP punctate signals at pH 6.0 (Dr€ ose & Altendorf 1997). As expected, bafilomycin prolonged durations of both TfR-and GluA1-SEP signals and also increased signal intensities (Fig. S4 in Supporting Information).
AMPAR and TfR endocytosis after NMDA application
Previous studies reported that NMDA application, which has been used for chemical LTD induction, enhances internalization of AMPAR by antibodyfeeding assay (Beattie et al. 2000; Ehlers 2000; Lee et al. 2002) . However, these studies did not provide information about where and when AMPAR was endocytosed. We examined effects of NMDA application, which induced a transient increase in the endocytosis frequency in PSLM (Fig. 3A and Movie S3 in Supporting Information). This increase was suppressed by Pitstop2 or Dyngo-4a (Fig. 3B) in clear contrast to constitutive endocytosis of AMPAR, suggesting that NMDA application enhanced clathrin-dependent endocytosis of GluA1-SEP in line with previous studies Genes to Cells (2017) 22, 583-590 (Glebov et al. 2014; Zheng et al. 2015) . We note that predominant enhancement of AMPAR endocytosis near postsynaptic-like membrane and its transient nature were made clear in this study (Fig. 3A,B) . We also examined effects of NMDA application on TfR-SEP (Fig. 3C,D) . NMDA application transiently enhanced TfR-SEP endocytosis as AMPAR endocytosis, although significant increase was detected in non-PSLM (Fig. 3D) .
Previous studies suggested important contribution of clathrin-dependent endocytosis to LTD induction. We also observed transient enhancement of clathrindependent GluA1-SEP endocytosis in PSLM soon after the application onset of NMDA. Whether this transient enhancement of clathrin-and dynamindependent endocytosis of AMPAR is sufficient for the expression of early phase of LTD is an important question to be addressed in future studies.
Postsynaptic-like membrane (PSLM) is an artificial structure and might not express normal postsynaptic function. However, PSLM shows certain critical properties of postsynaptic membrane: clustered distribution of postsynaptic proteins such as PSD95, homer and GluA1-3, dynamic changes of AMPAR during LTP (Tanaka & Hirano 2012; Tanaka et al. 2014 ). In addition, we report here that there are endocytic zones in peripheries of PSLM as observed around normal synapses (Blanpied et al. 2002) , and that NMDA application induced clathrin-and dynamindependent AMPAR endocytosis in these regions. Together, we suggest that PSLM retains important properties related to synaptic plasticity and is useful in studying dynamics of synaptic membrane proteins.
Experimental procedures
Primary cell culture/transfection
The methods to prepare primary culture of hippocampal neurons and transfection of cDNA were similar to those used in previous studies (Tanaka & Hirano 2012; Tanaka et al. 2014) . Briefly, hippocampi were dissected out from rat embryos (E18-20), and treated with 0.1% trypsin (Thermo Fisher Scientific, Waltham, MA, USA) and dissociated by trituration with a fire-polished Pasteur pipette. The dissociated cells were seeded on poly-D-lysine-and neurexin (NRX)-coated glass in Neurobasal Electro Medium (Thermo Fisher Scientific) containing 1% penicillin-streptomycin, 0.25% GlutaMAX and 2% B27 Electro (Thermo Fisher Scientific). Plasmids were transfected into DIV (day in vitro) 10-15 neurons with Lipofectamine 2000 (Thermo Fisher Scientific). All imaging experiments were carried out 1-3 days after transfection. Experimental procedures were carried out in accordance with the guidelines laid down by National Institutes of Health in USA and Kyoto University, and approved by the local committee for handling experimental animals in the Graduate School of Science, Kyoto University.
DNA constructs
Expression vectors for GluA1(flop)-SEP and neurexin (1b without splice insertion 4)-Fc were constructed as described previously (Tanaka & Hirano 2012) . PSD95-TagRFPt was modified from a previous construct by changing an amino acid (S185T) (Shaner et al. 2008) . TfR-SEP vector was constructed by fusing SEP to the C-terminal of TfR and inserted into p-TagRFP-N vector (Evrogen, Moscow, Russia) after deleting the TagRFP-coding region.
Coating glass surface with neurexin
The detailed procedures to prepare NRX-Fc and to coat glass coverslips with neurexin (NRX) were described in previous reports (Tanaka & Hirano 2012; Tanaka et al. 2014) . Briefly, glass coverslips were sequentially treated with biotinylated BSA (Thermo Fischer Scientific), streptavidin (Wako, Osaka, Japan), biotin-conjugated anti-human IgG (Jackson ImmunoResearch, West Grove, PA, USA) and NRX-Fc. After that, coverslips were incubated with poly-D-lysine, washed with water and soaked in neuronal culture medium.
U-tube system
The U-tube system was prepared as described previously (Bretschneider & Markwardt 1999 ) and used to exchange extracellular solution around a region of interest to pH 6.0 solution (which contained 120 mM NaCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM MES-KOH (pH 5.9-6.0), 1 lM tetrodotoxin). A glass capillary (Harvard Apparatus, Holliston, MA, USA) having a narrow region with a diameter of 150-200 lm was prepared using a micropipette puller PP-83 (Narishige, Tokyo, Japan). Then, the narrow part was bent with fire to form a U-shape. Then, a small hole with a diameter of 15-30 lm was made using a heater and applying positive pressure (Fig. S1A in Supporting Information) . The edge of hole was polished with a heater.
A beaker containing the pH 6.0 solution was placed above an experimental chamber, and the solution flowed through a U-tube down to another beaker located beneath the chamber (Fig. S1A in Supporting Information). When a magnetic valve, which was located above the lower beaker, was open, the pH 6.0 solution did not leak out from the hole on the U-tube. Actually, the extracellular solution around the hole was absorbed into the U-tube. In contrast, when the valve was closed, the pH 6.0 solution leaked out from the U-tube (Fig. 1B) . The magnetic valve was also used to improve control of the intra-U-tube pressure as shown in Fig. S1A in Supporting Information (Bretschneider & Markwardt 1999) . The pH of extracellular solution was changed from 7.4 to 6.0 within 100-150 msec, and pH 6.0-7.4 within 180-230 msec (Fig. S1B ,C in Supporting Information).
TIRFM and live-cell imaging
The TIRFM imaging system was composed of an inverted fluorescence microscope IX71 (Olympus, Tokyo, Japan) equipped with a 100 9 1.45 numerical aperture (NA) TIRFM objective lens (Olympus), 1.69 intermediate lens, EM-CCD camera (iXonEM+ DU-897, Andor, Belfast, UK), 488 nm laser (85-BCD-020; Melles Griot, Albuquerque, NM, USA) and 561 nm laser (Sapphire 561LP; Coherent, Santa Clara, CA, USA). For filtering and separating emitted fluorescence, mirror units U-MNIBA3 and U-MWIG3 (Olympus) were used. In dual-color imaging experiments, a BG multicolor dichroic mirror (TIFM488/ 561NM; Olympus) and BG multicolor emission filter (TIRFM488/561; Olympus) were used. Data were acquired using METAMORPH Software (Molecular Devices, Sunnyvale, CA, USA).
All live-cell imaging experiments were carried out in the external solution containing 120 mM NaCl, 2 mM CaCl 2 , 0.3 mM MgCl 2 , 10 mM glucose, 10 mM HEPES-KOH, 1 lM tetrodotoxin, pH 7.3-7.4 at room temperature. In chemical LTD induction experiments, neurons were continuously perfused with the external solution. The composition of NMDA perfusion solution was the external solution containing 30 lM NMDA, 10 lM glycine and 1 lM strychnine to block glycine receptors. In endocytosis inhibition experiments, images were acquired for 10 min in the external solution without or with 0.03% or 0.1% DMSO. Then, the external solution containing each inhibitor, 30 lM Pitstop2 (Abcam, Cambridge, UK) with 0.03% DMSO, 30 lM Dyngo-4a (Abcam) with 0.03% DMSO, 10 lM DIP (Tocris, Bristol, UK) or 100 nM bafilomycin (Abcam) with 0.1% DMSO, was applied for 10 min. Then, images were acquired from 10 min after application of an inhibitor to 20 min.
To record GluA1-SEP endocytosis, pH 7.4 and pH 6.0 images were acquired alternatively by synchronizing magnetic valves with a camera. The pH 6.0 images were acquired with 100-msec exposure time during 200-to 300-msec period every 4 sec to minimize effects of acidic extracellular solution. However, the pH 7.4 images were acquired with 6-msec exposure time to avoid photo-bleaching of SEP on the cell surface. Before GluA1-SEP endocytosis recording, 30-to 60-sec photo-bleaching was carried out at pH 6.0 to reduce the intracellular GluA1-SEP signal from endoplasmic reticulum (Fig. S2 in Supporting Information) (Rathje et al. 2013) .
We also examined endocytosis of TfR-SEP after NMDA application experiments by alternatively recording images at pH 7.4 and 6.0 with 2-s intervals. ND20 filter was used with 100-msec exposure time. TfR-SEP signals showed spotted distribution with a high signal-to-noise ratio at pH 7.4, and at pH 6.0, the diffuse signals were quite weak. Thus, we did not apply photo-bleaching before the experiment.
Cultured neurons expressing only small amount of PSD95-RFPt, GluA1-SEP or TfR-SEP were not used in experiments. Sometimes the pore on U-tube was clogged, which prevented pH exchange, and the fluorescence signals from cell-surface SEP were not quenched. Such data were excluded from analysis. We also excluded data obtained during a trouble in the perfusion system of external solution such as imbalance of input and output flow.
Image analysis
Analyses of acquired images were carried out using MetaMorph (Molecular Devices), IMAGEJ (NIH) and Excel (Microsoft). The image analysis method was similar to previous studies (Tanaka & Hirano 2012; Tanaka et al. 2014 ), but modified. PSLM area was defined as in a previous study (Tanaka & Hirano 2012) . Briefly, a background-subtracted PSD95-RFPt image was low-and high-pass filtered. Then, binarized PSD95-RFPt puncta ranging from 0.07 to 0.39 lm 2 , corresponding to a normal size of postsynaptic density plus its vicinity (within 0.3 lm) was defined as PSLM. Dendritic area other than PSLM was defined as non-PSLM.
GluA1-SEP endocytosis were detected as follows. First, drift of images during recording was corrected, and the maximum intensity projection (MIP) image was obtained by plotting the maximum intensity of each pixel over all pH 6.0 images. Then, the local maxima in the MIP image were enclosed by 2.5 pixel radius circles as regions of interest (ROI endo ) using the Find Maxima function of ImageJ with noise tolerance value of 500. The timing of endocytosis in each ROI endo was determined by the following two steps. First, F t À F av and SD were calculated, where t represents the time, F t is the background-subtracted fluorescence intensity at time t, and F av and SD are the mean and standard deviation of fluorescence intensity during the five preceding frames (F tÀ5 to F tÀ1 ) in each ROI endo . When the intensity of F t À F av was larger than 5 times of the SD, t was selected as a candidate timing of endocytosis. Next, 5 circular areas of 5 pixel diameter were chosen randomly in dendritic regions outside ROI endo , and the mean amplitude of fluorescent intensity fluctuation (fluorescent intensity changes between succeeding frames) before NMDA application was calculated as signal fluctuation (Sfl). When F t À F av was larger than 8 times of the Sfl, we regarded endocytosis to have occurred at t. Then, endocytosis events were sorted into PSLM or non-PSLM events. The intensity of fluorescence change in each endocytosis was defined as F t À F av . When F continuously increased after t, the intensity was defined as F T À F av , where F T was the first peak value after t.
Statistics
N indicates the number of cells in each experiment, unless otherwise stated. All values are presented as mean AE SEM.
Genes to Cells (2017) 22, 583-590 Dunnett's test was used to evaluate the significance of differences. Statistical tests were carried out using R (R-project).
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article: Figure S1 pH exchange method using a U-tube system. Movie S3 Transient increase of GluA1-SEP endocytosis after NMDA application. GluA1-SEP endocytosis (green) after NMDA application in PSLM (magenta, arrows) and in non-PSLM (arrowhead) at pH 6.0. 609 real time.
